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ROLES OF NIOBIUM PEKTOXIDE, VANADIUM PENTOXIDE AND TITANIUM * 
DIOXIDE IN THE GRAIN GROWTH AND SINTERING OF URANIUM DIOXIDE 
by 
James Frederick Watson and D. R. Wilder 
ABSTRACT 
1. Pure uo2 sinters readily at temperatures below 1600°c 
when non-stoichiometric oxygen introduced during the pre-
sintering treatment is available for diffusion and subsequent 
densification. In the absence of excess oxygen sintering 
occurs at temperatures above 1600°C by self-diffusion of 
stoichiometric oxygen in uo2 • Grain growth occurs when 
open porosity has been eliminated and is controlled by the 
diffusion rate of closed pores in uo2. 
2. An addition of 0.1% v205 to U02 promotes sintering below 
l)00°C by forming an interstitial solid solution at the 
particle surfaces, thus prompting increased surface diffusion 
activity during the early stages of densification. However, 
the solution melts as the temperature is increased and 
densification is inhibited until the melt has decomposed 
and volatilized out of the system. Densification and grain 
growth then progress by the mechanisms observed in pure uo2. 
3. Titanium dioxide acts as an oxygen supplier during the 
early stages of sintering, increasing deneification 
significantly by promoting non-stoichiometric oxygen dif-
fusion. At higher temperatures a ductile solid solution or 
liquid phase is formed that aids sintering and grain growth 
by straining the lattice near the grain surface, parmi tting 
diffusion of stoichiometric uo2. 
*This report is based on an ft.S. thesis by James Frederick Watson 
submittedMay, 1960, to Iowa State University, Ames, Iowa. This 
work was done under contract with the Atomic Energy Commission. 
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4. An addition of 0.4~ Nb2o5 to uo2 aids densification at 
temperatures below 1500°C by forming an interstitial solid 
solution or defective surface structure. The Nb2o5 additive 
melts and decomposes above 1500°C maintaining open porosity 
and thus preventing grain growth until decomposition is 
complete and the open pores have closed. 
• 
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DlTRODUCTIOlf 
High operating temperatures for nuclear power reactors 
have caused attention to be :focused on 002 as a potential fuel 
b material. Research on the properties and characteristics of 
uo2 has resulted in development or reactor fuels with this 
material as a major constituent. One of the most satisfactory 
uo2 fuel element configurations has been dense rods or tubes 
o:f sintered uo2 • The purpose of this research is to study 
the actions of v2o5, Nb2o5 and Tio2 when added to uo2 prior 
to sintering. 
Nuclear fuels for high specific power reactors should 
have a high concentration of fissronable materials, high 
melting point, high strength at elevated temperatures, 
corrosion resistance, radiation damage resistance, thermal 
shock resistance and good thermal conductivity. Such prop-
erties have not yet been found in a single material. Many 
of the limitations of a given material can be overcome by 
proper reactor and fuel element design, but the economy of 
high temperature operation places a premium on a fuel with 
refractory properties. 
Uranium dioxide is desirable as a nuclear reactor fuel 
because of its refractory nature. It is the most stable of 
the common uranium compounds with an operating temperature of 
over 2000°C and good corrosion resistance. The ability of 
the lattice to accommodate foreign atoms without rupturing 
1 
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makes the tolerance to tiasion products high, thus reducing 
radiation damage. The concentration of fissionable atoms is 
low as compared to uranium metal; howeYer uranium metal has 
a melting temperature or 1133°C and an operating temperature 
of only 500°C due to phase changes within the material. 
Important limiting factors in the use ot U02 are its 
brittle nature and poor resistance to thermal shock. Ther-
mal conductivity is poor in uo2 but this disadvantage may be 
oYercome by tubular fuel element design and employment of 
low cross sectional areas. Cladding the elements with 
suitable metal alloys aids thermal conductiYity and adds 
strength to the element. 
The lower concentration of fissionable atoms in uo2 
requires larger fuel corea. The added expense is partially 
offset by the greater ease of obtaining a high purity oxide 
than a high purity metal. The operating economy of the high 
temperature fuel also helps to offset the expense of the 
large core. 
A means or increasing uo2 aintered density economically 
without changing other properties is needed so the advantages 
ot this material may be further exploited. Pure uo2 can be 
cold compacted and sintered to 90% of theoretical density in 
hydrogen or an inert atmosphere. Investigation of additives 
to uo2 has shown that Nb205, v2o5 and Ti02 have increased 
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the density of uo2 to 97% or theoretical while allowing a 
decrease of the firing temperature. This research effort 
is directed toward explanation of the nature of the 
denslfications promoted by these additive oxides. 
LITERATURE SURVEY 
Properties of U02 
Hausner and Mills (1) tabulate the properties of uo2 , 
giving a melting point of 2878 ! 22°C and a theoretical 
density of 10.968 S! . Rundle, et al. (2), report a lattice 
cc 
constant for stoichiometric uo2 • 00 as being 5.4581 + 0.0005 
a.u. This value is known to decrease with increasing oxygen 
content to a value of 5.4297 + 0.0008 a.u. at the composition 
U02.25· Crystal habit is face-centered. cubic fluorite 
structure and exists as a close packed oxygen lattice with 
uranium ions in the interstices. 
The ability of uo2 to add oxygen non-stoichiometrically 
up to the composition of u3o8 has been recognized and studied 
by many investigators (3-7). The bulk of the work has been 
centered on determination of the oxidation states that may 
exist between uo2 and u3o8 • Nearly all of the researchers 
found that initial oxidation involves a diffusion of oxygen 
into the surface layers of the uo2 particles, entering the 
interstices of the lattice to a depth of several layers. The 
reaulting lattice strain is indicated by the variation in 
lattice constant which was reported by Rundle (2). Alberman 
and Anderson (3) theorize that uo2 is oxidized to a tetragonru 
oxide at the composition uo2 • 30 - uo2 • 38 • The change from 
the cubic lattice to the tetragonal lattice apparently begins 
4 
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at the composition uo2.25 • They assumed that the rate de-
termining step in the oxidation was the diffusion of oxygen 
into the interstitial positions in the uo2 lattice and that 
the oxygen remained randomly distributed until the average 
composition of uo2 • 25 when the ordering begins. Some 
authors proposed that the initial oxidation might be the 
formation of u3o7 as a film on the individual particles of 
uo2 (4, 5). The ensuing oxidation was then controlled by 
the diffusion of the oxygen through the u3o7 film to the 
uo2-u3o7 interface (7). Verification of this theory has 
proven difficult because of the limitation of X-ray methods 
in identification of layers less than 1000 a.u. in thickness. 
This theory also would dictate that a surface area change 
would occur as oxidation proceeds, as Aronson, et al., (5) 
point out. These investigators found no such change in 
surface area. DeMarco, et.al.,(8) definitely establish the 
presence of u3o7 as the intermediate oxide between uo2 and 
u3os but agree that up to a composition of uo2 •25 a non-
stoichio~etric oxidation occurs and that this oxidation is 
probably diffusion controlled. 
The formation of a non-stoichiometric oxide of uranium 
of the composition uo2 • 00 to uo2 •25 in which the oxygen 
diffuses into the lattice interstices is a point of agreement 
among virtually all of the cited authors. It is in this oxygen 
range that a hydrogen reduction occurs in the sintering of 
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uo2 • Hence it appears that oxygen in excess of uo2 •00 is 
present as interstitial oxygen in Rundle's proposed oxygen 
dominated lattice. 
Belle and Lustman (9) consider the physical character-
istics of uo2 po~der preparations, noting that the average 
crystallite size depends more on the reduction temperature 
of uo3 than on the method of preparation of the uo2. The 
bulk density of a low temperature preparation increases if 
it is heated above its reduction temperature. Further study 
has shown that the particle size of the higher oxide is also 
an important factor in determining the uo2 particle !ize. 
Properties of uo2 powder are highly dependent on past history 
and may be made to vary by control of the history alone. 
Levin and McMurdie (10) and Levin, McMurdie and Hall (11) 
list 9 phase diagrams involving uo2 as a binary or ternary 
constituent. Lang, et al., (12) list 1 additional studies of 
high temperature reactions of various metal oxides with uo2• 
Of the three additives considered in this report v2o5 has 
been studied by Lang but no reference is made to Nb205 or 
Tio2• 
Advantages of uo2 as a Reactor Fuel 
Uranium dioxide offers many highly desirable properties 
as a nuclear reactor fuel. As pointed out by Hausner and 
Roboff, (13) the melting temperature of uo2 exceeds 28o0°c, 
the highest of the available uranium-ceramics. Harrington (J4) 
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states that this high melting point, complete stability at 
temperatures up to the melting point, and excellent re-
sistance to corrosion by the common reactor coolants and 
construction materials offset some of the disadvantages of 
Watson (15) notes the desirability ot corrosion resist-
ance, especially for fuels used in pressurized water reactor& 
Contamination of the coolant is minimized in the event of an 
internal failure; hence the reactor may be cooled slowly to 
prevent excessive thermal shock to the core construction. 
Hausner and Roboff (13) also note that high purity uo2 
is an intermediate product in the production of uranium 
metal. The additional steps in the production of the metal 
may introduce impurities. Purification of the metal to 
obtain a purity equal to that of the oxide increases the 
expense. Thus fuel production cost becomes an important 
factor in the de~ign of an economical reactor. 
Disadvantages of uo2 as a Reactor Fuel 
Epremian (16) discusses the serious limitation of uo2 
fuels in their use in high temperature reactors. Poor 
thermal conductivity and the attendant thermal cracking 
lead to reduced structural strength at high temperatures 
and some form of cladding is required to hold the fuel 
elements together. The fuel elements must have small cross-
sectional areas to allow adequate heat transfer to the 
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coolant. Elements of large crosa sectional area exhibit 
center melting because of the poor thermal conductivity. 
The fuel elements must be designed with thin sections or 
finned areas to promote heat transfer; fabrication coats 
are increased by the complex shapes. Cladding materials 
that will remain stable at the operating temperatures are 
not easily found. Murray, et al., (17) note that aluminum 
and magnesium are soft above 400°C and can not be used as 
cladding above can surface temperatures of 400°C. The 
only metals whose neutron capture cross section is low 
enough for use in a reactor core are zirconium and beryllium. 
Both of these materials are expensive and difficult to obtain 
in purity suitable for reactor applications. 
Another serious disadvantage of using oxide fuels is 
the low uranium atom density of the compounds (13). The 
oxygen in the fuel acts as a neutron absorber and hence the 
fuel element volumes are greatly increased when oxides are 
used. 
Sintering Phenomena 
Sintering is the mechanism that results in densification 
of a single pure material at temperatures and pressures 
somewhat below those necessary to cause melting (18). Thus 
the sintering phenomenon may occur at room temperature or at 
any temperature, depending on the material involved. Hence 
some bonding is in evidence in loose powders probably because 
, 
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of residual and broken bonds at surfaces. Compaction tends 
to increase surface contact and energies at the points of 
contact and therefore promotes sintering. As the temperature 
is increased more intimate contact is possible by virtue of 
surface gases being driven off. Frenkel (19) theorizes 
that at this point the surface tension forces become sig-
nificant and surface diffusion increases. The net result 
is a reduction of surface energy by reduction of surface 
area. According to Weyl (20) the surface energy will continue 
to decrease via surface diffusion but atomic transfer through 
the crystal is also necessary to reach the ultimate goal of 
minimum energy. 
The mechanisms of sintering are the subjects of work 
by many authors. Kuczynski (21) studied the formation of 
a neck between a glass plate and a sphere. He followed the 
theory that the time required to produce a specified change 
in area of contact between the sphere and plate is an 
indication of the mechanism involved. Mackenzie and Shuttle-
worth (22) developed a relation to describe the sintering 
in ionic materials during the closed pore stages. Their work 
is based on the surface tension forces within a closed pore. 
Clark, at al., (23) have derived an equation for flow toward 
points of contact of the particles. Frenkel (19} proposes 
that the transport mechanism is a diffusion phenomenon as 
opposed to the plastic flow propounded by the above authors. 
Rhines (24) presents a fresh approach based on "topological 
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geometry," the study of enclosing surfaces. By using this 
approach, no simplifying assumptions are necessary, thereby 
avoiding the inaccuracies that have plagued previous efforts. 
Rhines draws rather definite conclusions concerning what 
mechanisms are active and how they are related to the ulti-
mate densification of powder mass. 
Grain growth phenomena have been the subjects of work by 
several authors. Surface tension is suggested ae a driving 
force but cannot be relied upon to completely explain the 
phenomenon. Wilder and Fitzsimmons (25) discuss a greater 
growth rate as a function of contact area between grains 
and support the theory that growth is due to a bulk movement 
of the smaller particles to increase the size of the larger 
particles. They note that growth occurs after maximum 
densification has been reached and offer minimum relative 
density of 9o.% as a point at which grain growth may be 
expected to occur. 
A study of the effect of additives on the sintering of 
alumina was the subject of a paper by Smothers and Reynolds 
(26). They found that some additives promote material 
transport by forming solid solution whose structures are 
more open than the parent material. Others formed a glassy 
coating on the grains and liquid phase sintering occurred. 
Weyl (20) explains additive effects as a function of surface 
polarization. It is his theory that certain additives 
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neutralize the charged surface layers of the particle thereby 
allowing increased contact between the particles. 
Sintering of Uranium Dioxide 
Sintering mechanisms for uo2 are postulated by Murray 
and ~ivey (27) and further expanded by Belle and Lustman (9). 
The process follows the general sequence of oxide sintering, 
i.e., simultaneous operation of bulk movement, (22) evapo-
ration and condensation and bulk diffusion mechanisms (19) 
to remove open and closed pores. It is likely that the 
operative mechanism changes as sintering progresses from 
evaporation and condensation at the lower temperatures to 
bulk movement or bulk diffusion at the higher temperatures. 
~fuether bulk movement or bulk diffusion is the operative 
mechanism at higher temperatures depends on the exact com-
position of the uo2 • As stated above, the presence of 
excess oxygen is an important property of uo2 and this non-
stoichiometric oxygen may be removed rapidly by heating the 
cxide in the presence of dry hydrogen as outlined by Webster 
and Bright (28). 
It has been established that the activation energy for dif-
fusion of non-stoichiometric oxygen in uo2 at 1700°C or below ~ 
approximately 30,000 calories per mole. The activation energy 
for sintering of U02 in dry hydrogen is 90,000 to 125,000 cal-
ories p~r mole. Hence at high temperatures, sintering of uo2 in 
the presence of excess oxygen proceeds with diffusion as the 
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probable mechanism. When the excess oxygen is removed a bulk 
movement mechanism is more likely the operative mechanism with 
the activation energy for flow being 90,000 to 125,000 cal-
ories per mole. 
Belle and Jones (29) discuss grain size variations 
and nate the opposite behavior of uo2 in this respect as 
compared to other oxide ceramics. In microstructures of 
uo2 it is noted that pores exist almost exclusively at grain 
boundaries. In other systems the area near grain boundaries 
is free of pores but the center of the grain still contains 
pores that have not diffused to the grain boundaries. In 
these systems thA boundaries are acting as sinks for the pores 
with the internal pores having difficulty in diffusing to 
them. Grain boundaries in uo2 are anchored by the pores and 
no growth occurs until these pores have diffused away. 
Additives to U02 
Bowers, et al., (30) added BeO, Be, Ceo2 , Si02 , Si, SiN, 
and Zro2 to uo2 to study the effects on corrosion and thermal 
fracture resistance. Although densities were not studied 
specifically they appeared to be !~proved by additions of 
Sio2 , Zro2 , CeQ2 and BeO. Metallic additives reduced 
densities. Amounts of additions were from 5 to 20% by volume. 
The composition criterion for the finished product was to 
maintain at least 80 volume percent uo2 in the bulk com-
position. Densities remained below 96% of theoretical in all 
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cases and where maximum density occurred the strength 
suffered measureably. 
High temperature reactions of uo2 with other oxides 
were studied by Lang, et al., (12). The prime interest 
settled on determination of phase-equilibrium diagrams of 
uo2 with divalent, trivalent and pentavalent ceramic oxides. 
No attempt was made to record densities, nor was specific 
attention given a sintering reaction. 
Webster and Bright (28) conducted a thorough study on 
the effects of additions or Fe2o3, Al2o3, Sio2, Tio2 , v2o5 , 
Y2o3, Nb2o5 , Zro2 , Th02, the halides or calcium, Na2sio3 
and NaAl02 on uo2• They paid careful attention to density 
changes and found that additions of Nb2o5, v2o5 , and Tio2 
had significant effects on the density of uo2• Their analysa 
of the results indicated a possible liquid phase formation 
with Ti02, and diffusion or active surface layer influences 
with Nb2o5 and v2o5 • The amounts or the additions were 
0.4% Nb2o5, 0.1% v2o5 and 0.1~ Tio2 • These were the amounts 
that showed the greatest increase in density in each case. 
Fabrication Methods 
The fabrication of uranium dioxide powder into useful 
shapes is discussed by Evans (31). Conventional ceramic 
fabricating processes are applicable to uo2 including hot and 
cold pressing, hydrostatic pressing, extrusion and slip 
casting. A subsequent sintering operation is required in 
nearly all cases to increase the density and strength of 
the product. Also mentioned is a rotary swaging technique 
wherein the uo2 powder is compacted and enclosed in a cladding 
material in one operation. No sintering is required as the 
uo2 is consolidated to nearly 90% of theoretical density by 
high energy compaction. 
Preparation of the powders for compaction and sintering 
often includes an activation operation such as wet or dry 
milling, Micronizing, hammer milling or an oxidation-reduction 
treatment in a fluidized bed reactor (32). The desired result 
is a powder particle of small size K2~) and very high surfaoo 
area. 
Chalder {33) outlines the common fabrication methods 
for uo2 and lists them according to cost and ability to meet 
tolerance requirements. Automatic dry pressing with the 
aid of binders and lubricants is the most common method of 
production because of the low cost and excellent ability to 
meet production tolerances. Shapes such as pellets, tubes, 
bars, and crucibles are compacted at 100 tsi to about 70~ 
of theoretical density. Sintering at 1725°c for 10 hours 
results in a product of 92 to 94~ of theoretical density. 
Dimensions of the finished product meat design tolerances 
better than any of the other methods. However production 
costs are higher and carbon contamination from the graphite 
molds is likely. 
.. 
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Other forming methods include extrusion, slip casting, 
hydrostatic pressing, and rotary swaging. Either additional 
expense or failure to meet tolerances render these methods 
less desirable at this time. Rotary swaging has shown some 
promise of becoming more economical if developed successfully. 
Unexplained massive grain growth has occurred at temperatures 
near 6o0°C presenting difficulty in production. 
Additional information on sintering and subjects related 
to this problem may be reviewed in a bibliography by Wilder 
(34). Hausner (35) also lists 284 references on all phases 
or research on uo2• 
SUJ'IIlD&ry 
OUtstanding refractory properties and corrosion re-
sistance make uo2 an excellent fuel material for nucl~ar 
reactors. Low resistance to thermal shock and poor thermal 
conductivity can be overcome by careful design or the 
reactor and the fuel elementa. 
Uranium dioxide has bean found to sinter in approximate~ 
the same manner as other refractory oxides, i.e., surface 
diffusion followed by volume diffusion and/or plastic flow. 
Grain growth occurs in uo2 although grain boundaries do not 
act as void sinks as they do in other refractory oxides • 
Small additions of Nb2o5, v2o5 and Ti02 have increased the 
sintered density under some conditions but have lowered it 
under others. 
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Fabrication procedures such as dr7 pressing, hot 
pressing, extrusion, slip casting, hrdroatatic pressing 
and rotary swaging are applicable to uo2 • Cold compaction 
and sintering is representative or all or these and otters 
a reasonable compromise between dimensional tolerance and 
ease of fabrication. 
SCOPE 
Thi! research is concerned with the effects of additions 
of 0.4% Nb205, 0.1% v2o5 and 0.1% Tio2 on sintering and grain 
growth of production grade uo2• Samplea were cold pressed 
at a constant pressure and fired in a hydrogen atmosphere. 
Temperatures ranged from l400 to 1700°C and times at temper-
ature ranged from 60 to 180 minutea. Density measurements 
and microscopic examination of opaque polished sections were 
used to evaluate aintering and grain growth. 
EXnR!DITAL PROCEDtnm 
Raw Materiala 
Uraniua dioxide uaed 1n tbia work waa production grade 
.. terial purchaaed 1D Jul7 ot 1957 rr- •all1nckrodt Chemical 
Works ot St. Lou1a, •o. An aa&l'J'aia 117 the pro4ucer illdicated 
an uraniua asaa7 ot 88.~; the co•plete anal7sia is giYen in 
Table 1. Fluorination ot the aa-receiYed .. terial g&Ye an 
o-u ratio ot 2.15 (36, 37). 
Reagent grade Bb205 was purchaaed trca A. D. Maoka7, 
Inc., of Be• York, I. Y. A che.tcal &nal7aia supplied bJ 
the distributor is contained 1n Table 1. 
Reagent grade Tio2 was purchaaed traa the General 
Chemical DiYiaion ot Allied Chemical and D7e Corporation, 
•ew York, •· y. QualitatiYe apectrograpbio anal71ia ahowed 
the material to be tree or iron, nickel, silicon aDd sino. 
Eleaenta present aa taint tracea were oalciua, .. gnesiua, 
niobium, tantalum and sirconiua. 
Vanadiua pentoxide uaed in thia work waa reagent grade 
aaterial obtained trom the Baker Cheaical Coap&DJ, Phillipa-
burg, I. J. The producer•• anal7aia showed 99.5% V205 with 
0.2% chlorine and o.~ C02. QualitatiYe apectrographic 
anal7ais showed trace aaounta or alu.inua, calciua, magnesium, 
copper, iron and silicon. 
17 
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Table 1. Quantitative analyses or uo2 and Bb2o5 
A. Production grade uranium dioxide rrom production data 
Fe 25 ppm 
Ni 10 
" Cr. 3 " B 0.15 " Mn 10 " Cd 0.2 " 
Mo 1 " Si 10 
" v 1 n 
B. Reagent niobium pentoxide Analysis by supplier 
Fe 200 ppm 
Ni 200 n 
Ti 500 " 
Ta 800 " Zr 1000 " 
w 200 
" 
Impurity content in these materials was considered neg-
ligible and was not given consideration in the calculation or 
any of the compositions or results. 
Material Preparation 
Comminution or the as-received uo2 was accomplished by 
ailling for 24 hours in a steel mill using steel balls with 
water as the suspending agent. The iron introduced during 
the milling operation was removed by leaching the suspension 
with BCl. The suspension was washed rrom the mill into a 
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beaker, the pH was adjuated to approx1matel7 1 with con-
centrated HCl and the suspension was stirred and allowed to 
stand. When the supernatant liquid appeared clear it was 
drawn off into a clean beaker and the leaching operation was 
repeated until the decantate appeared colorless. Three 
9ycles of acid addition and decantation were usually needed 
to tree the uo2 of iron impurities. The product was washed 
5 times with distilled water to raise the pH to approximately 
1. A sample of the suspension was removed tor a gravimetric 
analysis of the particle size distribution (38). The uo2 
was dried at 110°C for 48 hours and then pulverized to pass 
a 200 mesh Tyler Standard Series ecreen. The speciric surra~ 
area or the uo2 powder was determined by the B. E. T. method 
or nitrogen adsorption (39, 40). 
The additive oxides, v2o5, Rb2o5 and Ti02, were also 
screened through a 200 mesh screen. The amounts of the 
additives were weighed on an anal7t1cal balance and added 
to 100 grams or the screened uo2. The mixture or additive 
oxide and uo2 was placed in a closed container with approx-
imately 250 ml. ot diatilled water and several rubber 
stoppers or assorted sizes. The container was tumbled for 
24 hours wit~ inspection at 2 hour intervals tor the first 
6 hours to assure proper mixing. The mixture was dried and 
screened through a 200 mesh Tyler Standard Series screen. 
The compositions of the mixtures are given in Table 2. 
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Table 2. Composition ot mixtures 
Additive oxide Weight percent 
added 
o.04o 
0.010 
0.010 
Weight additive 
per 100 
gram batch 
+ o. 0002 gr. 
o. <>400 grams 
0.0100 
" 
o. 01( ) " 
Weight uo2 
per 100 
gram batch 
.! o. 0002 gr. 
99. 96oO grams 
99-9900 
99.9900 
" 
" 
Spectrographic analysis showed the iron content was less 
after leaching than betore the milling operation and silicon, 
zirconium and carbon were present in trace amounts. An 
x-ray diffraction pattern ot the U02 ahowed no u3o8 lines. 
Uniform distribution ot the additive oxides was checked 
by x-ray fluorescence analyaia of several sample• taken from 
each container (41). The percentage• preaent agreed with the 
original additions within ! 10% which is conaidered the 
maximum error ot the method of analyaia. 
Samples were tormed by cold compaction. Approximately 
1 gram or the powdered material waa placed in a 3/8 inch 
diameter steel tablet die and the tablet was pressed to 40,000 
psi on a hydraulic laboratory press. Pressure cracking was 
contrqlled by coating the die with a saturated solution ot 
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stearic acid in alcohol. Entrapped air waa allowed to 
escape by first jolt-packing the sample and then applying 
pressure slowly and releasing it several times before the 
maximum pressure was applied. 
Firing Procedure 
Figure 1 shows a schematic diagram or the power supply, 
vacuum system and resistance furnace used to fire the 
pressed uo2 tablets. The sample was suspended inside the 
heater tube on a molybdenum sample carriage. The carriage 
was carefully placed so readings from the optical pyrometer 
would be taken from a direct sighting on the sample. The 
furnace was vacuum sealed and pumped down to a pressure of 
approximately 50 microns. The vacuum valve was closed to 
keep the hydrogen from reacting with the hot oil in the oil 
diffusion pump. After checking carefully for leaks the 
hydrogen valve was opened and hydrogen was bled into the 
system until a slight positive pressure existed in the furnace 
as indicated on the hydrogen control valye gauge. A discharge 
valve was opened at the top of the furnace and the hydrogen 
was ignited by a pilot light positioned at the mouth of the 
discharge valve. The hydrogen flame was adjusted to a 
length of about 1 inch. Furnace cooling was accomplished by 
maintaining a constant flow of cool water through the water 
jacket of the furnace. Radiation shields were placed around 
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Figure 1. Schematic diagram of resistance furnace, vacuum 
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the heater tube and at the top and bottom or the firing 
chamber to reduce radiation losses. 
Heating rates were determined by continuous sighting 
on a sample as power was increased by equal incrementa. The 
time for the sample to reach a constant temperature after 
each power increase was recorded. Several samples of various 
thicknesses were used for thia determination to account for 
the effect or the sample mass. It was round that a rate or 
increase of 150°C per minute maintained satisfactory equi-
librium within the firing chamber. Temperature measurement 
during firing was accomplished with an optical pyrometer 
calibrated to 1750°C against a ribbon filament lamp.* Read-
ings were taken throughout the firing time to assure constant 
temperature for the prescribed tiae period. 
A slower cooling rate of 100°C per minute was used to 
prevent cracking or the aintered sample. The sample was 
allowed to remain in the hydrogen ataoaphere for 10 minutes 
after the power had been turned orr to prevent any oxidation 
while the sample was cooling. The nydrogen was turned orr 
and the discharge valve was closed. The vacuum valve was 
opened to evacuate the remaining hydrogen and the aample was 
removed from the furnace. 
* Ribbon filament lamp calibrated under teat number 
G-13681 by the National Bureau of Standards for the Physics 
Department Instrument Shop of Iowa State Universitr,y. 
Treat.ent of Samples 
Densities were computed from the sample weight and 
dimensions. Samples were weighed on an anal~tical balance 
to + 0.0002 grams and d±mensiona were determined by microm-
eter to ± 0.0002 inches. Computation of the densities was 
carried out to an accuracy or ~ 0.01 ~· 
Samplea were mounted in Fiberite No. 2068 mounting 
compound, ground to a plane surface on 400 grit silicon 
carbide paper and then finished on 6oo grit silicon carbide 
paper. A Buehler Model 1505-2 low speed polisher equipped 
with a Model 1900AB Auto.met Polishing Attachment was used 
with 6 micron diamond paste on Microcloth to prepare the 
final polished surface. Five pounds pressure was applied 
to the polishing head ror a maximum time or 30 minutes for 
the specimens or highest densit~. Concentrated nitric acid 
was used to etch the polished surfaces tor microscopic 
examination. 
Grain sizes were measured by comparing photomicrographs 
or polished sections with standard grain size plates published 
by the American Society for Testing Materials. The theory, 
procedure, and prints or the plates tor this technique are 
given by Kehl (42). Photomicrographs were made with a 
Leita-Wetzlar 8084 shutter attachment on a CMU Leitz petro-
graphic microscope uaing white incandescent reflected light. 
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Exposures were made on Contrast Process Ortho safety film 
and developed in Kodak D-11 developer. 
RESULTS 
Particle Size and Surface Area Analyses 
The particle size distribution of the ball milled uo2 
powder as determined by the sedimentation technique (38) is 
shown in Figure 2. Fifty weight percent of the sample had 
a particle diameter less than 1.8 microns. Note the flat 
slop :l of the curve at the larger particle sizes followed by 
a sudden drop to the smaller sizes, indicating a high per-
centage of particles between 0.35 and 4.00 microns in di-
ameter. 
A specific area of 0.425 square meters per gram was 
determined by the B. E. T. nitrogen adsorption analysis of 
the ball milled material (39-40). This value is an average 
of two determinations and carries an error of ~ 10%. 
An equivalent spherical diameter of 1.3 microns was 
calculated from the specific surface area data. This value 
is lower than the value determined by sedimentation because 
• 
of error introduced by assuming a spherical shape for the 
ball milled material and then using surface area data that 
do not assume a spherical particle. 
Density of Sintered Compacts 
Densities were calculated as a criterion of the degree 
of sintering occurring in the fired pellets. Table 3 gives 
a complete resume' of the densities calculated for all fired 
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Figure 2. Particle size distribution of pure U02 
Table 3. Densities or aintered compacts, S! cc 
Time 1400°C 1500°c 
6o minutes Sl4-6o 7.20 Sl5-fxJ 7-77 
VJ.4-6o A.29 Vl5-60 7-94 Tl4-6o 
·z2 Tl5-6o ~·33 lil4-6o 1· 2 Hl5-6o .21 
90 minutea 814-90 7.20 815-90 7.80 
vl4-9o 7.32 Vl5-90 7.80 
Tl.4-90 9.15 Tl5-90 ~-53 NJ.4-90 7.47 Nl5-90 .21 
120 minutes sl4-120 7.5o Sl5-120 7.86 
vl4-120 1.53 Vl5-120 8.04 
Tl4-120 9.25 Tl5-120 ~-90 NJ.4-120 7. 72 lll5-120 .34 
180 minutes sl4-18o 7.~7 815-180 7.8~ 
vl4-18o 7. 1 Vl5-180 8.6 
TJ.4-180 9·~i Tl5-180 10.30 NJ.4-180 7. lfl5-180 8.31 
16oo0 c 1700°C 
Sl6-6o ~:n Sl7-6o ~-15 Vl6-6o Vl7-6o .13 
Tl6-6o 10.13 Tl7-6c 10.20 
w16-6o 8.67 Nl7-6o 9.03 
s16-90 ~.23 Sl7-90 ~:§~ Vl6-90 .20 Vl7-90 
Tl6-90 10.17 Tl7-90 10.27 
Nl6-90 8.25 Nl7-90 8. 91~ 1\) 
():) 
Sl6-120 ~:~ 817-120 ~-63 Vl6-120 Vl7-120 
-95 Tl6-l20 10.18 Tl7-120 10.30 
Nl6-120 8.63 Nl7-120 8.75 
Sl6-180 9-55 817-180 9.70 
Vl6-180 9. 05 Vl7-180 9.42 
Tl6-180 10.40 Tl7-180 10.~5 
Nl6-180 8.79 Nl7-180 8. 3 
... 
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samples. Samples were numbered according to the additive 
used, the firing temperature and the time at temperature. 
For example a sample designated as Vl4-60 contains v2o5 as 
the additive, was fired at 1400°C and was held at the 
firing temperature for 60 minutes. Samples of pure uo2 
are des:tgna ted as "S" samples, 1. e., Sl4- 6o. 
Figures 3-6 show the change in densit~ as temperature 
increases for pure uo2 and uo2 containing the additive 
oxides. 
Grain Size Measurements 
Grain sizes of the sintered material varied from less 
than S microns to 90 microns. Very little growth occurred 
in compacts containing Nb2o5 as an additive. Some isolated 
areas of growth exhibited grain sizes up to 15 microns but 
the average of all samples containing Nb2o5 was approximately 
5 microns. This small size was difficult to measure accu-
rately; however the stated value can be relied upon within 
!. 3 microns. 
Grain growth of varying degrees was evident in sintered 
compacts of pure uo2 and uo2 containing Ti02 and v2o5 as 
additives. The change in grain size with temperature is 
represented in Figures 7-9· 
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Microstructure 
1400°C Pure uo2 exhibited a highly porous micro-
structure at l4oo~c for all firing timss. 
1500°C A few nearly round voids with a diameter of 
about 20 microns were present in samples that had been fired 
at 1500°C. Grains were very irregular and difficult to 
distinguish at this temperature and porosity was high throu~ 
out the sample. 
1600°C Samples fired at 1600°C for 6o and 90 minutes 
exhibited scattered areas of low porosity compared to the 
rest of the sample. Grain boundaries could be seen in these 
areas when the sample had been etched. Figure 10 shows a 
sample that had been fired for 180 minutes at 1600°C that 
has an increased number of these agglomerated areas and 
approximately an equal number of void spaces of about the 
same overall size. The voids were many magnitudes greater 
than the average grain size of the sample and appeared to be 
the same shape as those noted at lower temperatures. Note 
also that a void area occurs frequently around one or more 
sides of the agglomerated areas and in some eases completely 
surrounds the dense area. 
0 At 1700 C the void spaces are more numerous 
and areas that haven't agglomerated also appear to be more 
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dense. Figure 11 shows a sample that was fired for 180 
minutes that is of nearly uniform density. Only slight 
. 0 grain growth has occurred in samples fired at 1700 C for 
120 and 180 minutes. 
Sintered compacts of uo2 with 0.1% v 2o5 as 
an additive have a highly porous microstructure for all firing 
times at 1400°c. Porosity is evenly distributed and large 
void spaces are few. 
Samples fired at 1500°C show little difference 
between those fired over the same time periods at 1400°C. 
Porosity of the samples fired tor 120 and 180 minutes may be 
slightly less but any distinction between samples fired at 
this temperature and those fired at 1400°C is minute at best. 
1600°C Microstructures of samples fired at 1600°c 
begin to show some agglomerates and corresponding void spaces 
at the shorter firing times. These increase in size and 
number at longer firing times and are accompanied by large 
void spaces that appear to have a core or some material at 
their centers. Figure 12 shows these void spaces are more 
regularly rounded and are larger than the average size of 
the agglomerated areas. 
1700°C Similarly shaped large voids appear in samples 
fired at 1700°C for 60 minutes. Agglomerates are also present 
39 
Figure 10. Photomicrograph of Sample 516-180, SOX 
Figure 11. Photomicrograph of sample 517-180, 80X 
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Figure 12. Photomicrograph of sample Vl6-180, SOX 
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but are smaller than the void areas. Porosity of the 
samples fired for 90 and 120 minutes is less and grain 
growth becomes obvious in the sample fired for 180 minutes 
at 1700°C (Figure 13). Porosity is still high in this sample 
although pores do not seem to concentrate at the grain bound-
aries. Fracture occurs along grain boundaries and is accom-
panied by some tearout along the fracture path. 
uo2 containing 0.1% Ti02 
Microstructures of samples of uo2 containing 
0.1% Tio2 that have been fired to 1400°C are porous and fine-
grained. Small grains or bright material occur randomly 
throughout the sample and are resistant to the nitric acid 
etchant. Grains of both phases are very irregular and 
porosity is uniform throughout. 
A sintering temperature of 1500°C reduces 
the porosity slightly and some agglomeration becomes evident 
at 60 minutes firing time. The second phase mentioned above 
is present in about the same concentration as before and is 
attacked and dulled by the nitric acid etchant. Porous grain 
boundaries are dist!nguishable and fracture occurs at the 
grain boundaries in samples fired for 60 and 90 minutes. 
Samples fired for 120 and 180 minutes exhibit definite grain 
~rowth and fracture is transgranular in some instances. 
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A sintering temperature or 16oo0 c gives very 
similar microstructures tor samples fired tor 60 minutes as 
were found at 1500°C for the shorter tiring times. At a 
tiring time of 90 minutes at 1600°C, however, growth is more 
evident and fracture occurs across the grains. The second 
phase is less porous when fired at 16o0°C and is not as 
irregularly shaped. The grains lose their bright luster when 
the sample is etched with nitric acid. Grain boundaries are 
easily recognized and appear to be predominantly void tree; 
longer firing times at this temperature cause little change 
in the general grain growth. 
Grain growth is active in samples fired at 
1700°C as shown in Figure 14. The grains have a general 
hexagonal shape and voids appear to be concentrated within 
the grains rather than at grain boundaries. Fracture occurs 
across the grains almost exclusively; the shiny second phase 
is dulled by nitric acid. A firing time of 90 minutes en-
hances grain growth and makes the shiny grains resistant to 
attack by nitric acid as shown in Figure 15. Longer times 
of 120 and lBO minutes at 1700°C produce larger grains with 
6 or more sides. The second phase retains an irregular shape 
and exists in smaller sizes in ·the sample fired for 180 min-
utes as shown in Figures 16 and 17. Grains in the sample 
fired for 180 minutes are larger and are approaching a cir-
cular shape. Fracture appears to be exclusively tranagranular. 
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Pigure 1). Photomicrograph of sample Vl7-1SO, SOX 
Figure 14. Photomicrograph of sample Tl7-60, SOX 
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Figure 15. Photomicrograph of sample Tl?-90, BOX 
Figure 16. Photomicrograph of sample Tl?-120, SOX 
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Figure 17. Photomicrograph of sample Tl7-180, 80X 
Figure 18. Photomicrograph of sample Nl5-90, 80X 
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Figure 19. Photomicrograph of sample Hl5-120, SOX 
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Figure 20. Photomicrograph of sample Nl5-180, 80X 
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, Sintered samples of uo2 containing Nb2o5 ae 
an additive were very soft and porous when fired to l400°C at 
all firing times. 
Porosity is more uniform at 1500°C and grains 
are easier to identify. Figure 18 shows a sample fired for 
90 minutes in which small agglomerated areas of slightly 
larger grain size are surrounded by void areas as were noted 
in pure uo2 • These dense areas were not present in the sample 
fired for 120 minutes as may be seen in Figure 19. A second 
phase is present, however, scattered randomly throughout the 
microstructure. Void spaces appear with approximately the 
same frequency as did the dense areas noted above. As shown 
in Figure 20 the shiny grains do not appear in samples fired 
for 180 minutes at 1500°C. Large void spaces are evident 
however and appear to have some material in their centers. 
A firing temperature of 16o0°C reduces the 
size of the large voids somewhat although the overall micro-
structure is still very porous. 
At 1700°C the porosity is reduced and appears 
to be more evenly distributed throughout the sample. Longer 
firing times do not seem to affect the appearance of the 
microstructure for samples fired at 1700°C. 
DISCUSSION OF RESULTS 
A poor packing mixture in the ball-milled material is 
indicated by the high percentage of particle si~es between 
0.35 and 4.00 microns shown by the particle size distribution 
curve in Figure 2. Evidence of poor packing was found in the 
microstructure of the low density samples in which non-uniform 
porosity existed. This non-uniform porosity may also be 
caused by inadequate compacting pressure resulting in bridge 
formations that leave areas of poor compaction throughout the 
sample. Uneven pressure distribution due to friction at the 
faces of the die would leave porous areas near the edges of 
the compact. No specific positioning of the porous areas 
was noted however, indicating poor packing and/or bridge 
formation as the probable cause of the non-uniform porosity. 
Sintering of the pure uo2 in a hydrogen atmosphere 
proceeded with the typical characteristics of diffusional 
mass transfer, i. e., began slowly, reached a state of high 
activity and then tapered off at higher temperatures. The 
initial stages at low temperatures involved the removal of 
adsorbed gases and formation of bonds at contact surfaces 
with little change in particle or po~e shape. As sintering 
progressed an activation energy was reached at which diffusion 
and subsequent particle rounding occurred. This stage is 
often termed the open pore stage in which surface irregu-
larities and pores between particles are closed. Diffusion 
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of the material near surfaces of convex curvature to 
surfaces of concave curvature is usually considered re-
sponsible for the fillet formation and general rounding of 
the grains. 
Void spaces much larger than the average grain size 
were noted at temperatures as low as 1500°C. These were 
accompanied by dense areas at higher temperatures and beckme 
more numerous as sintering times increased. It was also 
noted that a void space often accompanied a dense area and 
in some cases completely surrounded the dense area or ag-
glomerate. It is thought the agglomerates were loosened by 
the formation of these void areas and some were pulled out 
during polishing, leaving large void spaces in the micro-
structure. The sample shown in Figure 11 does not contain 
areas of higher density although void spaces remain. 
These rather unusual phenomena may be attributed to the 
difference in activation energies between the mechanisms of 
diffusion of excess oxygen in uo2 and self-diffusion of 
stoichiometric oxygen in uo2 • In the first case an activation 
energy of 30,000 calories per mole is reported and in the 
second case the value is 90,000 to 125,000 calories per 
mole (9). It is apparent there are 2 rates of sintering 
occurring in the compacts in which dense areas are present: 
(1) diffusion of excess oxygen at an activation energy of 
30,000 calories per mole to produce areas of higher density 
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surrounded by void spaces of diffused pores and (2) diffusion 
of stoichiometric uo2 at an activation energy of 90,000 to 
125,000 calories per mole, resulting in less densification 
at lower temperatures but ultimately responsible for a 
uniform density throughout the compact. It is thought the 
accelerated sintering of the dense areas resulted when 
particles of uo2 that were partially oxidized during pre-
sintering treatment released their oxygen causing locally 
high oxygen diffusion activity and resulting in localized 
densification. This gave dense areas a "head start" on 
other areas of the sample and they appear to be pore free 
before the remainder of the microstructure has densified. 
The void areas surrounding the agglomerates are the pores 
that have difrused from the dense areas but which diffuse 
more slowly through the areas qf lower density because of 
the higher activation energy required for diffusion in 
stoichiometric uo2. The pores are finally distributed 
uniformly when the necessary activation energy is reached and 
untrorm densification throughout the sample ensues as 
indicated by the decreased slope of the curves in Figure 3 
between 1500 and 1600°c. 
Grain growth in pure uo2 occurs at an activation energy 
of 23,000 calories per mole when all open pores have been 
eliminated (9). Hence an accelerating rate of growth is to 
be expected and was observed as shown in Figure 7. Grain 
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boundaries remain essentially pore free but are likely to 
become anchored when a pore is encountered. This results in 
pore free boundaries with areas of relatively pore free 
material nearby through which boundary movement can occur or 
has occurred. Boundaries become stationary when they en-
counter poree and can move only at the diffusion rate of the 
closed pore. 
The uniform porosity noted in 1amples containing v2o5 
that hat~ been fired at 1400 and 1500°C indicates increased 
activity during the early stages of sintering. Comparison 
of Figure 3, the density vs. temperature curve for pure uo2 , 
with Figure 4, the density vs. temperature curve for U02 
with 0.1% v2o5 , shows a significant increase in density at 
these temperatures for the uo2 containing the additive. The 
improved density is more pronounced in the samples fired at 
1500°C for 180 minutes. 
There is no definite indication of the exact mechanism 
which improved the density of the U02-v2o5 mixture at 1400 
and 1500°C. The low melting point or v2o5 {690°C) makes 
liquid formation a distinct possibility and a stable liquid 
phase could influence surface transport sufficiently to 
cause the improved density. Hc~ever, formation of a solid 
solution or defective surface structure could also be 
responsible for the increased density by accelerating surface 
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diffusion at a lower temperature. Such formations are 
possible considering the ionic radius or v•5 is approximately 
0.5 a.u. when in 4-fold coordination with oxygen in v 2o5. An 
interstitial solid solution would be expected with U02 since 
the u•4 radius of 0.98 to 1.05 a.u. is much larger than the 
v•5 radius, making substitution improbable. The small amount 
of v2o5 present makes a surface reaction more feasible than 
an extensive solid solution formation. 
Support for the solid solution theory comes from the 
large void spaces noted in samples fired at higher temper-
atures which apparently result when the solution melts. A 
bloating effect occurs as indicated by the decreasing slope 
of the curves in Figure 4 followed by further densification 
after the melt has decomposed and its reaction has ceased. 
The densification that follows bloating is similar to that 
noted in pure uo2 with some agglomeration in Vl?-60 and finally 
a uniform porosity and grain growth in Vl?-180 as shown in 
Figure 13. 
Effect of 0.1% Tio2 
A pronounced increase in sintered density was noted in 
all samples containing additions of 0.1~ Tio2 • At low temper-
atures the microstructures were uniformly porous and fine-
grained although obviously more dense than corresponding 
samples of pure U02 or U02 containing other additives. A 
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study of Figure 5 shows the slopes of the density vs. tem-
perature curves are more uniform and sintering has progressed 
beyond the initial stages at 1400°C. Di~fusion and closing 
of the open pores is in progress between 1400 and 1500°C. At 
longer firing times slntering has progressed beyond the open 
pore stage at 1500°C. 
The initiation of diffusion at low temperatures and the 
moderation of the slope of the curve is thought to be the 
result of the gradual reduction of Tio2 as sintering progres~. 
Samples fired for 60 and 90 minutes at the lower temperatures 
are aided in their densification by the diffusion of oxygen 
supplied by the Ti02 as it is reduced. The longer sintering 
times exhibit curves in which diffusion begins at still 
lower temperatures and the open pores are nearly closed at 
1500°C. The uniform density indicates a gradual reduction 
of Tio2 with subsequent oxygen diffusion throughout the 
microstructure, thus preventing localized densification. 
Further evidence of the reduction of the Ti02 additive 
is found in the formation and behavior of the second phase 
noted as bright grains in all samples containing 0.1% Tio2 • 
At low temperatures the bright grains are resistant to attack 
by nitric acid, a characteristic of Ti02 , Ti2o3 and TiO. 
Samples fired at 1500°C contain grains of this material that 
are attacked readily by nitric acid as is titanium metal. At 
these temperatures the grains rapidly become pore free and 
take the shape of the interstices between grains of uo2 
indicating ductile or fluid characteristics. Continued 
sintering reduces the size of the grains of the second 
phase, i. e., the Ti atoms are being dissolved into a surface 
defect structure or solid solution formation. This is es-
pecially noticeable in Tl?-180 shown in Figure 17 in which 
the size of the grains of the second phase has reduced from 
20 microns to 10 microns. The smaller grains are more 
resistant to the acid etchant, a further indication that 
their composition is changing as a solid solution or defective 
surface structure forms. The large radius of the Ti atom 
(l.h6 a.u.) would result in a strained lattice in either a 
solid solution or defective surface structure and pronounced 
diffuslon and subsequent densification noted in the micro-
structures would result. 
~~terial transport at grain boundaries is evidenced by 
transgranular fracture indicating strength at grain boundar!~ 
at least equal to that which occurs within the grains. This 
was noted first in Tl5-120 and Tl5-180 and is more obvious 
in samples fired at 1600 and 1700°C. These samples also 
exhibit pronounced grain growth, a further indication that 
intergranular reaction is occurring. Grains take on a pro-
nounced hexagonal shape in samples fired at 1700°C and 
progTess to nearly round shapes at longer sintering times. 
n 
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This is in accordance with the theories or Burke <43) 
that grains with more than 6 aides having convex curvature 
will grow at the expense of grains with concave curvature. 
Figure 6 shows increased sintering during the early 
stages in samples containing 0.4~ Nb205. However, various 
inhibiting factors appear as temperature and time increase. 
The curves for all sintering times indicate a depression of 
the diffusion mechanism which closes the open pores. The 
curves approach a constant density that is much lower than 
the density indicated by the curves for pure uo2 • Densities 
in the early stages of sintering are higher than for pure 
uo2, however, indicating an influence on initial bonding and 
surface diffusion. A solid solution or defect structure 
formation is probably responsible for increased densification 
at lower temperatures. 
The second phase noted in samples fired at 1500°C is 
thought to be liquid formed when Nb2o5 melts between 1490 and 
1510°C. A firing time of 180 minutes produced void spaces 
that appeared to have been formed by a reactive liquid. A 
quenched residue was evident in some of the voids of Nl5-180 
and also samples fired at 1600 and 1700°C. 
Agglomerated areas similar to those found in micro-
structures of pure uo2 were evident in Nl5-90, indicating 
oxygen diffusion similar to that occurring in pure uo2• The 
. 
liquid phase mentioned· above apparently has little influence 
on the densification during this stage as sintering proceeded 
apparently unaffected. This .is further indication of solid 
solution or defect structure formation as the operative 
mechanism of the Nb2o5 in uo2 at temperatures below 1500°C. 
Plausibility of the formation of a solid solution rests with 
the fact that Nb+5 wlth an ionic radius of 0.69 a.u. can 
+'+ suustitll.te interstitially in the uo2 lattice since the u' 
radius is 0.98 to 1.05 a.u. Direct substitution is unlikely 
~ince Nb+5 is in 6 fold coordination with oxygen in Nb2o5 and 
u+L~ is in 8 fold coordination in uo2 • 
The absence of grain growth in samples containing Nb2o5 
is evidence of the existence of open pores in the lattice. 
These pores are probably kept open by the decomposition and 
diffusion of the material that produced the large voids 
shown in Figure 20. This is essentially a bloating condition 
that prevails until the second phase has ceased its reaction 
and normal stoichiometric uo2 diffusion can proceed. Grain 
growth would then be expected as in pure uo2. 
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